During the last decade, a number of studies have focused on the properties of functionalized calixarenes, a relatively new class of macrocyclic molecules. The abilities of calixarenederivatives to act as powerful metal ion receptors have been assessed using different methods and techniques. Among the studied methods, UV-Vis, NMR and X-ray spectroscopies, solvent extraction and carrier mediated transport are the most used techniques. 4 It was also shown that calixarenes can be used as potent ionophores for the preparation of ion selective-sensors. [5] [6] [7] [8] [9] [10] [11] Despite the vast application of lead and its compounds in various industrial products, it is one of the most toxic elements. 12 Therefore, a precise, accurate and rapid measurement of lead content in a given sample is important. It is noteworthy that a number of selective electrodes based on different ionophores for lead ions have been investigated already.
Thus, diazacrown ethers, 13 acyclic amides and oxamides, 14 dithiocarbamates, 15 poly(hydroxamic) acid, 16 crown ethers 17 and anthraquinones 18 have been used as ligands for preparing lead ion-selective electrodes.
Recently, the application of functionalized calixarenes as ionophores in Pb 2+ ion selective electrodes was investigated. Cadogan et al. have reported the preparation of lead ionselective electrodes in which a series of calix[n]arenes (n = 4, 5 and 6) substituted by CH2CH2P(O)Ph2 groups were used as carrier. 20 They found that calix [6] arene presents the best results concerning the selectivity of the electrode towards Pb 2+ ions.
Following our studies on the metal ion receptor properties of the lower rim, tetraphosphorylated calix[4]arene (1) (Fig. 1) , 21 we became interested in evaluating the ionophoric properties of this ligand as a carrier in a Pb 2+ ion-selective electrode. The optimum conditions of the best performance of the electrode, its selectivity to lead over other metal ions and the application of the electrode have been assessed.
Experimental
Reagents 5 , 1 1 , 1 7 , 2 3 -T e t r a -t e r t -b u t y l -2 5 , 2 6 , 2 7 , 2 8 -t e t r a k i s -(diphenylphosphinoylmethoxy)calix[4]arene (1) was synthesized according to the procedure reported previously. 22 (NaTPB), tetrahydrofuran (THF) and high relative molecular weight polyvinyl chloride (PVC) were purchased from Merck chemical company.
Ortho-nitrophenyloctyl ether (NPOE, Avocado) and nitrate salts (Fluka) were used as received.
Electrode preparation
The membrane solution was prepared by dissolving 30 mg PVC, 4 mg NaTPB, 57 mg NPOE and 9 mg ionophore in 5 ml of THF. This solution was used to coat a graphite carbon electrode as described elsewhere. 23 A shielded copper wire was glued to one end of a spectroscopic grade graphite rod (10 mm long and 3 mm in diameter). The electrode was sealed into a PVC tube with epoxy resin. The working surface of the graphite was polished with fine alumina slurries on a polishing cloth, washed with distilled water and dried in air. This electrode was dipped into the membrane solution and the solvent was evaporated. A membrane was formed on the graphite and the electrode was allowed to stabilize overnight. The prepared coated graphite was finally conditioned for 48 h by soaking in a 0.01 mol dm -3 solution of Pb(NO3)2.
Potential measurements
All potential measurements were performed using the following assembly: Ag, AgCl (Sat'd)//sample solution/ membrane/graphite electrode. A pH-meter (Metrohm 780) was used for potential measurements at 25˚C. The activities of metal ions in the aqueous phase were calculated according to the Debye-Hückel approximation. 24 
Results and Discussion

Selection of the membrane composition
It is now well established that the composition of the constituents other than the ionophore in the membrane as well as the amount and the nature of the carrier play important roles in the selectivity and sensitivity of the electrodes. 25 Therefore, in the first steps of this study, 14 compositions of the membrane containing various amounts of PVC, plasticizer (NPOE, BA and AP), ionophore 1 and additive (NaTPB) were prepared and coated onto the graphite rods. The potential variation as a function of the logarithm of the lead concentration (activities) between 1 × 10 -9 up to 1 mol dm -3 was verified. The studied compositions with the values of the slopes found for the linear part of the curves are given in Table 1 .
Examination of the data presented in Table 1 reveals that in similar conditions (compositions 9, 12 and 13), application of NPOE as a plasticizer gives better results in comparison with benzyl acetate and acetophenone. However, the slope of the response of the electrode is closer to the Nernstian value for the composition with acetophenone as plasticizer than with benzyl acetate. This difference can be related to their effects on the dielectric constant as well as the mobility of the lead-complex and free ionophore in the membrane. In general, the sensitivity is increased by increasing the ionophore concentration in the membrane when the amount of NaTPB is constant (compositions 2, 3 and 4, 5).
As an example, Fig. 2 shows the variation of the cell potential as a function of the logarithm of the concentration of lead ions for the electrode prepared by composition 8. This membrane with a composition of 30% PVC, 57% NPOE, 9% calixarene and 4% NaTPB gives the best characteristics with a slope of 28.0 ± 0.2 mV decade -1 (for 4 electrodes) in the concentration range of 1 × 10 -5 -1 × 10 -2 mol dm -3 . This composition was used throughout the work. The limit of detection determined from the intersection of the two extrapolated segments of the calibration curve was found to be 1.4 × 10 -6 mol dm -3 . The plateau of the variation of electrode potential versus log[Pb 2+ ] at higher concentration of Pb 2+ (Fig. 2) can be explained by considering the saturation of the test solution/membrane interface by the lead complexes.
The effect of pH
The effect of the pH (in the range 2.5 -7.0) of the test solutions on the potential response of the sensor was investigated. The results are shown in Fig. 3 . The potential is independent of pH and remained constant in the range 3.5 -5.0. The potential diminishes when the pH is higher than 5. This observation can be attributed to the formation of lead hydroxide in solution. However, an increase in the response of the electrode when the pH is less than 3.5 is a consequence of the electrode response to the hydrogen ions.
Lifetime of the electrode
In order to assess the electrode lifetime, we measured the slope of the potential versus lead ion concentration over the 1076 ANALYTICAL SCIENCES AUGUST 2006, VOL. 22 concentration range of 1 × 10 -5 -1 × 10 -2 mol dm -3 each week over a period of eight weeks while the electrode was in continual use. The slope remained constant through the assessment period. However, a slight change in the response was found and corrected by reconditioning the electrode by soaking it in a 0.01 mol dm -3 solution of Pb(NO3)3 for 24 h.
Dynamic response time
One of the important factors revealing the performance of the electrode is its dynamic response time. In order to measure the response time of the prepared electrode, we recorded the potential of a stirred solution (initial lead concentration 1 × 10 -5 mol dm -3 ) as a function of time by a stepwise change of the metal ion concentration up to 1 × 10 -2 mol dm -3 (Fig. 4) . The response time of the steps A to D varies between 20 -15 s. An average response time of about 17 s was found in the entire examined concentration range. The nearly identical response time on varying the metal ion concentration is probably due to the fast exchanging kinetics of complexation-decomplexation of Pb 2+ ion with calixarene 1 at the test solution/membrane interface.
Selectivity of the electrode
Selectivity of the electrode towards lead ions over some tetra-, tri-, di-and monovalent ions was tested using the match potential method. 26 In this method, a specified amount of the analyte (here Pb 2+ ) is added to a reference solution with a given concentration (here 10 -5 mol dm -3 ) and the potential change is measured (30 mV). In other experiments, a quantity of the interfering ion (M n+ ) is gradually introduced to an identical reference solution of Pb 2+ , as before, until the potential is equal to the potential of the preceding solution. The selectivity coefficient (K Pb,M MPM ) can be obtained as the added Pb 2+ over added M n+ concentrations to the reference solution by using K Pb,M MPM = aPb/aM (aPb and aM are the activity of the added lead and interfering ion, respectively). Fig. 5 . It is noteworthy that the selectivity of the prepared sensor towards thorium ions is nearly the same as that of lead ions. This reflects the binding abilities of the calixarene 1 for thorium ions, as was shown previously.
21c It should be noted that, for tested alkali ions (Li + , Na + and K + ), the potential was lower than the potential of the Pb 2+ -added reference solution (even with a concentration of 1 mol dm -3 of these ions).
Application of the electrode
The prepared sensor was used as an indicator electrode for a potentiometric titration of a lead solution (25 ml and 10 -3 mol dm -3 ) with a solution of EDTA (10 -1 mol dm -3 ). The potentiometric curve is presented in Fig. 6 . The curve shows that the electrode can be used successfully for determination of lead ions in such experiments. The analysis of this curve reveals that a volume of 245 ml of EDTA solution is required for achieving to the end point of titration (dashed line in Fig. 6 ). Therefore, a 2% error accompanies with the titration experiment. The abilities of the electrode were also examined by measuring the lead contents (10 -5 mol dm -3 ) in three synthetic samples. The results are shown in Table 2 . Although the electrode functions successfully for the ternary samples of 1 -3 and 7 -9, it is obvious that for samples 5 and 6 (and probably because the presence of calcium) 20 an important inaccuracy in measurements is presented.
The ion binding properties and the lipophilic nature of the studied phosphorylated calix[4]arene allows the preparation of a lead ion selective electrode. This electrode has a good selectivity over some metal ions and can be used successfully as an indicator electrode in lead determinations in complexometric reactions with EDTA. It also displays a good stability and long lifetime. Studies for improving the selectivity of electrodes based on phosphorylated calixarenes are in progress. Particular attention will be focused on to the use of the larger calix [6] -and calix [8] arenes.
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